The nucleotide sequences of the Acinetobacter cakoaceticus benABC genes encoding a multicomponent oxygenase for the conversion of benzoate to a nonaromatic cis-diol were determined. The enzyme, benzoate 1,2-dioxygenase, is composed of a hydroxylase component, encoded by benAB, and an electron transfer component, encoded by benC. Comparison of the deduced amino acid sequences of BenABC with related sequences, including those for the multicomponent toluate, toluene, benzene, and naphthalene 1,2-dioxygenases, indicated that the similarly sized subunits of the hydroxylase components were derived from a common ancestor. Conserved cysteine and histidine residues may bind a [2Fe-2S] Rieske-type cluster to the oa-subunits of all the hydroxylases. Conserved histidines and tyrosines may coordinate a mononuclear Fe(ll) ion. The less conserved 13-subunits of the hydroxylases may be responsible for determining substrate specificity. Each dioxygenase had either one or two electron transfer proteins. The electron transfer component of benzoate dioxygenase, encoded by benC, and the corresponding protein of the toluate 1,2-dioxygenase, encoded by xylZ, were each found to have an N-terminal region which resembled chloroplast-type ferredoxins and a C-terminal region which resembled several oxidoreductases. These BenC and XylZ proteins had regions similar to certain monooxygenase components but did not appear to be evolutionarily related to the two-protein electron transfer systems of the benzene, toluene, and naphthalene 1,2-dioxygenases. Regions of possible NAD and flavin adenine dinucleotide binding were identified.
The complete degradation of benzoate by aerobic bacteria can occur by either of two catabolic pathways. In both reaction sequences, benzoate is converted to a nonaromatic cis-diol, 2-hydro-1,2-dihydroxybenzoate, and then to catechol (51) (Fig. 1) . Catechol is cleaved between the two hydroxyl groups when benzoate is metabolized via the ortho (or ,B-ketoadipate) pathway, and subsequent reactions yield the tricarboxylic acid cycle intermediates succinate and acetyl coenzyme A (59) . Catechol cleavage via the meta pathway occurs adjacent to the hydroxyl groups, and subsequent reactions lead to the formation of pyruvate and acetaldehyde. The ortho-and meta-fission routes do not usually operate concurrently, and regulatory factors determine how benzoate is degraded when genes encoding both pathways are present in the host cell (39) .
The genes responsible for the conversion of benzoate to its corresponding cis-diol have been isolated from two different soil bacteria: benABC from the chromosome of Acinetobacter calcoaceticus (42) and xylXYZ from TOL plasmid pWWO of Pseudomonas putida (78) . The benABC-encoded benzoate 1,2-dioxygenase exhibits narrow substrate specificity, showing little or no oxidation of most substituted benzoates. In contrast, the plasmid-encoded meta pathway toluate 1,2-dioxygenase, encoded by xylXYZ, catalyzes the hydroxylation not only of benzoate but of many 3-and 4-substituted benzoates including toluates (78 (1) degradation by converting it to 2-hydro-1,2-dihydroxybenzoate (DHB, 2). Benzoate and toluate 1,2-dioxygenases are each composed of a two-subunit hydroxylase, encoded by benAB and xylXY, respectively, and an electron transfer oxidoreductase encoded by benC and xyIZ, respectively. DHB is converted to catechol (3) by an NAD-dependent dehydrogenase, the gene product of benD or xylL. The chromosomal ben genes, isolated from A. calcoaceticus, encode enzymes specific for the substrate R=R'=H. The plasmidborne xyl genes, isolated from P. putida TOL plasmid pWWO, encode enzymes with broader substrate specificity and can degrade compounds with methyl substitutions at positions R and R'. subclones were generated from smaller KpnI-KpnI, KpnIEcoRI, and KpnI-SalI restriction endonuclease fragments of the ben DNA. Escherichia coli JM101 supE thi A(lac-proAB) (F' traD36 proAB laqIq ZAM15) (69) was used as a host for recombinant plasmids and bacteriophages.
The Cyclone I Biosystem of International Biotechnologies, Inc. (New Haven, Conn.) was used to generate nested deletions of the insert DNA of recombinant bacteriophages. Using this method, the exposed single-stranded ends of cloned DNA fragments were progressively digested by T4 DNA polymerase. Overlapping clones entirely covering both strands of the benABC genes were isolated. DNA sequencing. Procedures described in the "M13 Cloning/Dideoxy Sequencing Instruction Manual" (4a) were followed for the isolation and propagation of M13 phages and for the generation of single-stranded DNA sequencing templates. DNA sequence was determined by the dideoxy chain termination method (56) (Beckman) . Protein similarities were detected by scanning version 13 of the SWISS-PROT protein sequence data bank (A. Bairoch; distributed by the EMBL Data Library) with an algorithm based on that of Lipman and Pearson (37) . Computer-calculated alignments were used to assess the significance of sequence similarities (40) , and secondary structure predictions were computed by using the conformational parameters of Chou and Fasman (7) .
Nucleotide sequence accession number. The sequence of the A. calcoaceticus 3,353-bp HindIII-EcoRI restriction endonuclease fragment described in this report has been deposited with GenBank under accession number M62649. different proteins are required for the electron transfer reaction (2, 16, 17, 60, 61) .
To better understand the evolutionary relationships among aromatic ring-hydroxylating dioxygenases, we sequenced benABC and xylXYZ. The sequencing of the latter genes is presented elsewhere (20) . In this report, we present the nucleotide sequence of the A. calcoaceticus benABC genes. The deduced amino acid sequences of the gene products responsible for the hydroxylation of benzoate were compared with those of enzymes which catalyze similar reactions.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. Recombinant plasmids derived from pUC19 (69, 76) carrying wildtype DNA ofA. calcoaceticus BD413 (29) (designated ADP1 in our collection) from the chromosomal ben region have been previously described (42) . The 3.4-kbp insert of pIB1354 carrying benABC was subcloned into the replicative form of bacteriophages M13mpl8 and M13mpl9 (76) . Similar RESULTS Nucleotide sequence of benABC genes. The benABC genes were previously localized to a 3.4 kbp HindIII-EcoRI restriction endonuclease fragment cloned from the A. calcoaceticus ADP1 chromosome (42) . The nucleotide sequence of this 3,353-bp DNA fragment was determined and, as shown in Fig. 2 , it contained three open reading frames. Computer analysis by three different methods (12, 32, 57) suggested that each open reading frame would be likely to encode a protein. The first open reading frame, corresponding to benA, started at nucleotide 347 (Fig. 2 ). An ATG translational start codon was preceded by the putative ribosome binding sequence GGAG (58) . Translation would yield a protein product of 52,079 Da, the size of the predicted benA-encoded hydroxylase subunit (42) .
The second open reading frame, corresponding to benB, started at nucleotide 1729. An initiation codon at this position was preceded by the ribosome binding sequence GGAG. The deduced molecular mass of the benB product, 20,073 Da, was in agreement with previous in vitro analysis (42) . The ATG initiation codon of benB overlapped with the VOL. 173, 1991 A. CALCOACETICUS benABC SEQUENCE 5387   AAGCTTTOT CCTCMCCAC AGCCACAAA TAGCGGAAT GTCTAGTT CAIT?AAA   TACTCTAG GTATTTATT ATACMAAAA TOTOTTTGAA CTTMTTAAA ATCTT AOGATAMC 130   AAGCAMAGM CACAAGAAGA AGGCAGGGGC TTGMCCCATT AAATGCTTTC TTCAATTTGG AAAMTGOAAA GCTGAMTGG ATATTCGT?T TATTT   TTCTOCCGT? AAGTAMACAT TTTrATGCGTT 260   GCGTTGTT?A ATTGAATGTT TGACTAGMC CAOCGTTT?G CTCTGOCCTAk GACAAGTTTC T TTGAATG7TWIW AAGGAT   ATG CCA COT ATT CCC GTC ATT AAT ACT AGC CALT CTT   Met Pro Arg Ile Pro Val Ile Asn Thr Sor Hiis Leu   GAC CGA ATT GALT GAA CTG CTT GTA GAC AAT ACC GAA ACA GGT GAA TTT AAG TTA CAT CGT TCT GTA TT? ACA GAT CAG GCA CT? TTT GAT CTT GMA ATG AMA TAC (42) .
Codon usage and G+C content of benABC. The G+C content of the benA, -B, and -C genes, 45, 41, and 47%, respectively, reflected the characteristic 38 to 47% value found in Acinetobacter species (28) . Similar codon usage was observed among the three genes and was much like that found in previously sequenced A. calcoaceticus structural genes (6, 8, 13, 14, 41, 45, 54) . The most marked preference for particular codons was observed for arginine, for which two of six possible codons predominated. The CGT and CGC codons were used 50 to 63% and 13 to 30% of the time, respectively. The bias toward using preferred codons was found in E. coli to be a measure of gene expression levels (1) .
Although relatively few genes have been sequenced from Acinetobacter species, a comparison of codon usage in bacteria of this genus with that found in E. coli (1) suggested that the general patterns of codon usage are similar. Differences included a bias toward using the GCA codon for alanine and the CAA codon for glutamine by Acinetobacter species. The E. coli preference for the CTG (leucine) codon was not observed in benABC. A comparison of codons used for proline showed that the E. coli bias toward CCG was replaced by one in Acinetobacter species for CCA. The TCC codon for serine was used in fewer than 10% of the serine residues by Acinetobacter species but not by E. coli.
Choice of related sequences for comparison with the deduced amino acid sequences of BenABC. The deduced amino acid sequences of the protein components of the A. calcoaceticus benzoate 1,2-dioxygenase system were compared with those of other aromatic ring-hydroxylating dioxygenases for which sequence data are available. (20) .
In the hydroxylase components, the greatest degree of similarity was found in the N-terminal region of the a-subunits. The amino acid sequences of BenA, XylX, BnzA (P1) (27) , TodCl (79), and NdoB (34) were all found to be similar (Fig. 3) . Pairwise comparisons showed that 62% of the aligned BenA and XyIX residues were identical, whereas comparison of the BenA sequence with each of the others in Fig. 3 revealed 20 to 24% identity. These values reflected the averaging of approximately 30% identity in the N-terminal regions of the protein sequences and 10% identity in the C-terminal regions. Each of these proteins is an approximately 50-kDa subunit of a dioxygenase hydroxylase component. Two cysteine residues and two histidine residues, conserved among all the hydroxylase subunits, were found to align with conserved residues in Rieske iron-sulfur proteins (Fig. 4) . As discussed below, these residues may bind a Rieske- (27) , TodCl (79) , and NdoB (34) , are Rieske-type iron-sulfur proteins. The small iron-sulfur proteins, TodBl, NdoA, and BnzC (P3), of the toluene, naphthalene, and benzene dioxygenases, respectively, also have cysteines and histidines similarly aligned with those of the Rieske iron-sulfur proteins of Rattus norvegicus (R.n.) (43), Rhodobacter capsulatus (R.c.) (10), S. cerevisiae (S.c.) (3) , Paracoccus denitrificans (Pd.) (35) , and Bradyrhizobium japonicum (B.j.) (66 (27) , and TodC2 (79) are the approximately 20-kDa proteins of the benzoate, toluate, naphthalene, benzene, and toluene dioxygenases, respectively. Nine residues marked by asterisks are identical in all sequences. Dashes indicate sequence gaps.
Amino acid sequence similarities were also discovered among BenB, XylY, NdoC (34), BnzB (P2) (27) , and TodC2 (79) (Fig. 5 ). In the aligned sequences of BenB and XylY, 56% of the amino acids were identical. In pairwise comparisons of BenB with each of the other sequences shown in Fig. 5, 16 to 18% of the amino acids were identical. Although these values are relatively low, the sequence similarities were shown to be significant by the method of Needleman and Wunsch (40), with similarity scores above 4.2. Each of these proteins is an approximately 20-kDa n-subunit of a hydroxylase, and nine residues, marked by asterisks in Fig. 5 , were found to be invariant among the protein sequences.
The BenC and XylZ electron transfer components were compared with both ferredoxins and oxidoreductases. BenC was similar to XylZ (49% identical residues) but not to any components of the aromatic dioxygenases with two-protein electron transfer systems. Homology was detected, however, between BenC and XylA, a protein component of xylene monooxygenase (62) (Fig. 6 ). XylA may be involved in the transfer of electrons from NADH to XylM, the hydroxylase component of this two-subunit monooxygenase. The BenC and XylA sequence similarities extended throughout the entire length of the proteins; 28% of the aligned residues were identical.
As shown in Fig. 6 and 7, the N-terminal region of BenC was found to resemble chloroplast-type ferredoxins. Residues important for ferredoxin structure and function (4, 49) were conserved in BenC, including the four cysteine residues which coordinate [2Fe-2S] clusters. In addition, this ferredoxinlike region of BenC was similar to the C-terminal region of VanB, a 33-kDa protein involved in vanillate demethylation (5) (Fig. 6) . In this region, 24% of the aligned VanB and BenC amino acid residues were identical, including those, like the four cysteines, which are conserved among chloroplast-type ferredoxins.
The C-terminal region of BenC was found to be homologous to the C-terminal regions of ferredoxin-NADP+ reductases from spinach (30) and from Spirulina species (77) . In the alignment shown in Fig. 6 , 20% of the BenC C-terminal residues were identical to those of a ferredoxin reductase. A stretch of roughly 130 amino acids between positions 190 and 320 of BenC was also found to resemble a similarly sized region of two other oxidoreductases: NADPH-cytochrome P-450 reductase isolated from Saccharomyces cerevisiae (72) , pigs (18) , rats (50) , and rabbits (31); and NADPH-sulfite reductase isolated from E. coli and Salmonella typhimurium (46, 48) . In this region, the identity between BenC amino acid residues and those of each aligned oxidoreductase was 21 to 37%. The regions of strongest homology, shown in Fig. 8 , may be involved in NAD(P) and FAD binding.
DISCUSSION
Nonaromatic cis-diols are common intermediates in the degradation of a wide variety of aromatic compounds. Such diols are usually formed by reactions catalyzed by multicomponent dioxygenases. All the hydroxylating dioxygenases studied to date have been composed of a hydroxylase component, usually composed of nonidentical a-and p-subunits, and a one-or two-protein electron transfer system (9) . In this study, we compared the sequences encoding A. calcoaceticus benzoate 1,2-dioxygenase with those of the P. putida pWWO TOL plasmid encoding toluate 1,2-dioxygenase. In addition, comparisons were made with sequences for functionally related enzymes.
The hydroxylase components of various multicomponent dioxygenases were found to be similar. The sizes of the a and P subunits in the different dioxygenases discussed are roughly 50 and 20 kDa, respectively. A comparison of the amino acid sequences of the benzoate, toluate, benzene, toluene, and naphthalene 1,2-dioxygenases suggested that the a-subunits and the P-subunits are each derived from common ancestors. The conservation of amino acid sequences was strongest in the N-terminal region of the a-polypeptides. This region may be responsible for common hydroxylase functions such as recognition and activation of two oxidizable carbons of the aromatic ring, reception of electrons from the electron transfer components, binding to the P-subunit, and binding and activation of oxygen.
The binding of oxygen, which usually involves metal cofactors, may be mediated by mononuclear Fe(II). One such iron was shown to be associated with each a-subunit of the benzoate 1,2-dioxygenase from P. arvilla (75) . The iron atom is likely to be coordinated by tyrosine and histidine residues of the polypeptide. Five invariant histidines and two invariant tyrosines were detected in the alignment of the five a-subunits (Fig. 3) . Some of these residues may be involved in iron binding.
The arrangement of two of the invariant histidines with two conserved cysteine residues (Fig. 4) , however, sug- gested that these particular residues are involved in the by four cysteines in proteins such as ferredoxins, whereas coordination of a Rieske-type (53) iron-sulfur cluster. The coordination is mediated by two cysteines and two histidines biochemical study of benzoate 1,2-dioxygenase demonin Rieske iron-sulfur proteins (11, 15) . These small (roughly strated that one [2Fe-2S] iron-sulfur center is associated with 20-kDa) electron transport proteins are characterized by a each oa-subunit (75) . Iron-sulfur center binding is mediated relatively high redox potential (67) . The amino acid alignment shown in Fig. 4 substantiates the idea that the hydroxylase a-subunits of the benzoate, toluate, benzene, toluene, and naphthalene dioxygenases are all Rieske-type iron-sulfur proteins. This suggestion has been made previously on the basis of the physical properties of some of the dioxygenases (11) . Spectroscopic studies of the functionally similar phthalate dioxygenase from Pseudomonas cepacia have clearly shown that in this enzyme, two histidines coordinate a [2Fe-2S] Rieske-type cluster (15) . The specific residues involved in iron-sulfur binding by Rieske proteins have not previously been identified, but the sequence alignment presented in Fig. 4 suggests that they would be the conserved amino acids which are enclosed in boxes in the figure.
The low degree of homology detected among the five ,B-subunits of the hydroxylase components suggested that these subunits are not directly involved in the common catalytic functions of the dioxygenases. The product of the xylY gene, the 1-subunit of toluate 1,2-dioxygenase, appears to be important for the determination of the substrate specificity of this enzyme (21) . Of the nine conserved residues among the ,B-subunits, five are charged amino acids. It is possible that, as for the association between cytochromes c and b5 (70) , the charged amino acids play a role in the association between the a-and 13-subunits of the hydroxylases.
The sizes and numbers of the electron transfer components (49) . Similar examples of a ferredoxinlike region occurring within a larger protein were found in two monooxygenase components, VanB (5) and XylA (62) (Fig. 6) . In VanB, the ferredoxinlike region occurs in the C-terminal portion of the protein. Most (27, 34, 38, 79) . Previous observations of redox potential and spectroscopic properties suggested that these small proteins were unlike previously characterized ferredoxins (38) . Some similarities to Rieske iron-sulfur proteins have been noted (17, 61) . As shown in Fig. 4 , similar alignments of two cysteines and two histidines in the Riesketype hydroxylase components, the Rieske iron-sulfur proteins, and the toluene, naphthalene, and benzene "ferredoxin" components suggest that these electron transport proteins of the dioxygenases are more similar to Rieske iron-sulfur proteins than to other ferredoxins.
The protein components of benzoate and toluate dioxygenases involved in NADH oxidation are dissimilar to those of the benzene and toluene dioxygenases. The similarities observed between the BenC and XylZ C-terminal regions and a number of oxidoreductases ( Fig. 6 and 8 ) suggested that these portions of the proteins are responsible for direct interaction with NADH. One of the oxidoreductases resembling BenC and XylZ is the NADPH-sulfite reductase involved in cysteine biosynthesis (46, 48) . It is interesting that homology has previously been found between two regulatory proteins, one controlling transcription of the genes for sulfite reductase in E. coli and S. typhimurium (47) and the other controlling transcription of genes needed for benzoate metabolism in A. calcoaceticus (41) .
Sequence comparisons failed to reveal significant similarity between BenC and the reductase components of the benzene and toluene dioxygenases that closely resemble each other (27, 79) . We found two regions of roughly 30 amino acids in BnzD (P4) and TodA, identical in both proteins, which fit the consensus sequence (55, 71) The most highly conserved regions in the alignments of BenC and XylZ with FAD-and NAD(P)-binding oxidoreductases are likely to be those of cofactor binding ( Fig. 6 and 8) . The regions shown in Fig. 8 which are comparable to that of BenC near amino acid position 220 have previously been suggested to play a role in NADP-ribose binding (18, 46, 50) . The additional short, highly conserved region depicted in Fig. 8 has previously been suggested to be part of a region which binds the FAD isoalloxazine ring in spinach ferredoxin-NADP+ reductase and cytochrome P-450 reductase (30, 50, 72) .
The regions of the ferredoxin reductases underlined in Fig.   6 may play a role in binding FAD-PPi and NAD(P)-PP1 moieties (50 (Fig. 6) . The hydroxylating region of this monooxygenase, however, was not found to be similar to the hydroxylase components of the dioxygenases which are related to each other. It therefore appears that there are at least two classes of oxygenase components and at least three classes of electron transfer components in multicomponent oxygenases. The partnerships of hydroxylase and electron transfer components seem to have changed during the course of evolution.
